Piezotronics is an emerging field, which exploits strain to control the transport properties in condensed matters. At present, piezotronics research majorly focuses on insulators with tunable electric dipole by strain. Metals are excluded in this type of applications due to the absence of electric dipole. The recently discovered Berry curvature dipole can exist in metals, thus introduces the possibility of the piezotronics phenomena in them. In this paper, we predict that strain can switch the Berry curvature dipole, and lead the nonlinear Hall effect in the two-dimensional (2D) 1H-MX2 (M=Nb, Ta; X=S, Se). Based on symmetry analysis and first-principles calculations, we show these 2D monolayer metals have the desired piezotronics property: without strain the Berry curvature dipole is eliminated by symmetry, prohibiting the nonlinear Hall effect; while uniaxial strain can effectively reduce the symmetry to introduce sizable Berry curvature dipole, and it can generate observable Hall voltage in a reasonable experimental condition. Due to the nonlinear and topological properties, the piezoelectricity here is quite different from the traditional one based on the electric dipole. Compared with the traditional piezoelectronic materials which can only be presented in insulators, we manifest that the 2D metallic 1H-MX2 (M=Nb, Ta; X=S, Se) are also the ideal platform for piezotronics.
I. INTRODUCTION
The piezotronics as a new research field has attracted growing interests for promising electronic applications in sensors, transducers, power generation, etc. [1 -10] . Piezotronics exploits the piezoelectric potential created in materials to control the transport properties. Special interests have been focused on two-dimensional (2D) piezoelectric materials [11] [12] [13] , due to the convenience of strain application and ability to withstand the enormous strain. Electric dipole P can be orderly arranged by strain in solids, due to the transitions between nonpolar and polar symmetries. Such a mechanism becomes the focus of piezoelectricity research [11, 12, [12] [13] [14] [15] [16] [17] 17] . The current piezotronics researches majorly focus on the insulators, because P in metals will be neutralized by free electrons. Exploration of an analogy of P will be helpful to lead piezo-response in metal for promising piezotronics applications.
The Berry curvature dipole D [18] was proposed recently and might provide an avenue to introduce desired piezotronics properties in metals. D is the measure of the separation of positive and negative Berry curvature in reciprocal space. D relates to the electronic states at the Fermi surface, so it can only exist in metals. D can generate second-order anomalous transport phenomena in the absence of magnetic field, i.e. nonlinear Hall effect [18] , which was confirmed in bilayer 2D WTe 2 by experiments [19] [20] [21] recently. Similar with P [17] , the emergence of D also requires the crystal symmetry [18] . Except for bilayer 2D WTe 2 , the symmetries of most 2D * Electronic address: jianghuaphy@suda.edu.cn materials force the D to be zero [22, 23] . Since strain can be easily applied in 2D materials to change the symmetry and switch D, a 2D metal piezotronics device based on nonlinear Hall effect may be fabricated, as shown in Fig.  1 . In such a device, D is zero for the pristine 2D metal, leading to zero nonlinear Hall voltage [ Fig. 1 (a) ]. Strain can break the crystal symmetry, lead finite D, and may generate observable nonlinear Hall voltage [ Fig. 1 
1H-phase monolayers transition-metal dichalcogenides (TMDs) are one of the most investigated 2D material categories, and they are the candidates to realize such a piezotronics device. Uniaxial strain can be used to reduce the symmetry of 1H-MX 2 and switch D. It has been discussed that the uniaxial strain can introduce the nonlinear Hall effect in 1H-MoS 2 and 1H-WSe 2 [18, 24, 25] . However, these two materials are semiconductors, the emerging of D also requires the complemental electric doping, which limits the piezotronics application based on the nonlinear Hall effect. Intrinsic 2D metallic 1H-MX 2 (M=Nb, Ta; X=S, Se) might be more promising candidates to realize such piezotronics device. The strain should be able to switch the D in 2D metals, as strain manipulates P in semiconductor 1H-MoS 2 [11] [12] [13] 17] .
In this work, using symmetry analysis and firstprinciples calculations, we show that monolayer metallic 1H-MX 2 (M=Nb, Ta; X=S, Se) are very promising for the piezotronics applications based on Berry curvature dipole. Without strain, D in these materials is zero due to the symmetry restriction, prohibiting the nonlinear Hall effect. Small uniaxial strain (along zigzag or armchair direction) can effectively reduce the symmetry and generate sizable D, leading to observable nonlinear Hall voltage in a conventional experimental condition. Since the traditional piezoelectricity induced by electric dipole P has wide applications in both electronic and arXiv:1911.00808v1 [cond-mat.mes-hall] 3 Nov 2019 piezotronic devices [17] , the piezoelectricity based on the Berry curvature dipole D should also have a significant impact on the develop of piezotronics devices.
The rest of the paper is organized as follows. In Section II, we introduce how to use the strain to break the symmetry and switch D in 1H-MX 2 (M=Nb, Ta; X=S, Se). Section III, we introduce the first-principles calculation methods. The calculation results and corresponding explanations are shown in Section IV. Discussion of the characters of piezoelectricity and a brief conclusion are listed in Section V.
II. SYMMETRY ANALYSIS
In order to get the ideal piezotronics effect, the nonlinear Hall effect should be very small or zero without strain, while greatly enhanced under strain. Since nonlinear Hall signal is proportional to Berry curvature dipole D, and D is high related to the symmetry. We analysis the symmetries of D with and without strain for 1H-MX 2 (M=Nb, Ta; X=S, Se) first.
Since 1H-MX 2 (M=Nb, Ta; X=S, Se) has timereversal symmetry T , but no inversion symmetry I, we start with analyzing the Berry curvature dipole D under these two types of symmetry. As preliminary, we analysis the symmetry of Berry curvature Ω n,a (k) first. Ω n,a (k) is odd under the time-reversal symmetry, i.e. T : Ω n,a (k) = −Ω n,a (−k), where n is the band index and a ∈ {x, y, z}. Therefore the integration of Ω n,a (k) of occupied states in a non-magnetic (time-reversal invariant) material is zero, and it is the reason why the anomalous Hall effect can not appear in non-magnetic materials. Besides, Ω n,a (k) is even with respect to inversion symmetry, I: Ω n,a (k) = Ω n,a (−k). Hence, under time-reversal symmetry T and inversion symmetry I, the Ω n,a (k) is zero at every k point. Therefore it is necessary to break the inversion symmetry I to obtain the local Berry curvature in the non-magnetic systems.
Berry curvature dipole D is a 3×3 tensor, and D bd is an element of D, defined as:
where d bd (k) is the Berry curvature dipole density
f n (k) refers to the Fermi distribution,
is the electron velocity. The factor ∂fn(k) ∂ n (k) in Eq.
(1) implies D bd is a Fermi surface determined quantity. d bd (k) is even with respect to the time reversal symmetry and odd under the inversion symmetry according to Eq. (2), which is opposite to the case of the Berry curvature, i.e,
Therefore, when I is broken, nonzero D bd can emerge in a non-magnetic metal, i.e. the nonlinear Hall current might appear. Different from P, D is a pseudo-tensor and determined by [18] 
where S denotes the symmetric operation matrix of the point group. Specifically, since Berry curvature Ω n,a (k) only has a z component in a 2D system, only D xz and D yz exist in 2D materials. In other words, D transforms as a pseudovector in the 2D systems. In 1H monolayers transition-metal dichalcogenides, the point group D 3h (6m2) contains a three-fold rotation C 3 symmetry along z direction (C 3z ), one mirror reflection perpendicular to z direction (M xy ), three mirrors are parallel to z-direction and three in-plane C 2 symmetries [ Fig. 2(a) ]. The C 3z , C 2y and M xy are the generator operators of D 3h :
Under these symmetry operators, D transforms as according to Eq. (4):
The C 3z symmetry ensures the vanish of D xz and D yz according to Eqs. (4) and (8). Besides, the others D elements are all zeros under D 3h symmetry by combination Eqs. (4) and (8)-(10). In other words, there is no D in 1H-MX 2 (M=Nb, Ta; X=S, Se) without strain. When armchair or zigzag strain is applied, the C 3z rotation symmetry is broken; however, the M xy , C 2y and M yz are preserved [ Fig. 2 (a) ], leading to the C 2v point group symmetry. That is to say, Eqs. (9) and (10) 
C 2y and M yz guarantee the vanishing of D yz , however D xz is non-zero under C 2v symmetry. Therefore, the switching of the finite and zero D can be realized in a metallic 1H-MX 2 by applying and releasing uniaxial strain. With the appearance of the finite Berry curvature dipole, the nonlinear Hall effect can exist in these 2D non-magnetic metals. These materials may be used as new piezotronics devices. The method to fabricate the piezotronics devices utilizing D is different from the conventional one based on P [11, 12, [12] [13] [14] [15] [16] [17] . For example, from above symmetry constrain D (D xz ) is perpendicular to the polar axis (C 2y ), opposite to P which is along the polar axis. The difference between D and P is because that P is a polar vector, while D is an axial tensor (or axial vector in 2D). In contrast to Eq. (4), P is determined by:
The differences between Berry curvature dipole and electric dipole are summarized in Table I . 
III. CALCULATION DETAILS
From the above descriptions, the strain can switch D from zero to finite value in 1H-MX 2 (M=Nb, Ta; X=S, Se). Thus these materials can in principle be used as piezoelectric devices. Nevertheless, the value of D and whether it can induce an observable nonlinear Hall effect need to be calculated.
The first-principles calculations based on density functional theory (DFT) were performed by using the QUANTUM-ESPRESSO package [26] . Ultrasoft pseudopotentials and general gradient approximation (GGA) according to the Perdew-Burke-Ernzerhof (PBE) functional were used. The energy cutoff of the plane wave (charge density) basis was set to 50 Ry (500 Ry). The Brillouin zone was sampled with a 12×12×1 mesh of kpoints. To simulate the monolayer, a 20Å vacuum layer was introduced. The DFT Bloch wave functions were projected to maximally localized Wannier functions by the Wannier90 code [27, 28] . The Berry curvature Ω and Berry curvature dipole D were calculated by the Wan-nierTools software package [29] . In the Berry curvature dipole calculations, the convergence test was taken, and a k mesh grids of 600×600 were adopted. The lattice parameters and atomic positions are fully relaxed until the force on each atom is less than 10 −4 eV/Å. For the samples with uniaxial strain, the atomic positions are relaxed with the lattice parameter fixed to strain. 
IV. RESULTS AND EXPLANATIONS
Monolayer 1H-MX 2 (M=Nb, Ta; X=S, Se) were successfully synthesized in experiment recently [30] [31] [32] [33] [34] [35] . In these materials, one M atom and the nearest six X atoms compose a trigonal prism as shown in Fig. 2 (a) , forming a structure with P6m2 space group (D 3h point group symmetry) without inversion symmetry. There is one less d electron in the M atom compared with 1H-MoX 2 and WX 2 , leading the metallic ground states. Nonzero Berry curvature dipole density d bd (k) can be introduced without additional doping due to the existence of finite Fermi surface, unlike the semiconductors 1H-MoS 2 and 1H-WSe 2 [18, 24, 25] . These four materials show similar band structures, and here we use 1H-NbS 2 as a representative. Figure 2(b) shows the band structure of pristine 1H-NbS 2 . With considering of spin-orbit coupling, there are two half-filled bands cross the Fermi level (E F ). The largest spin-orbit gap of 116 meV between these two bands is found at the K point. These bands form the Fermi surfaces as shown in Fig. 3(a) , where two hexago-nal hole pockets located at the Γ point and two rounded triangular hole pockets at the K point. The split of two hole pockets around the K point is much larger than that around the Γ point. Figures 3(b) exhibits the distribution of Berry curvature Ω z of the occupied bands in the Brillouin zone. As discussed in Section II, Ω z is odd under the time-reversal symmetry, i.e. Ω z (k) = −Ω z (−k). The largest Ω z locates around the K point. Figures 3(c,d) 3(c,d) . However, these nonzero d xz and d yz are not sufficient to lead the emerging of D, due to the presence of the C 3z symmetry as disscussed in Section II. It can also be simply explained by comparing Ω z and velocities v x and v y under the C 3z symmetry. The C 3z rotation symmetry can transform the point A in the Fermi surface to points B and C, as shown in Fig. 2 (a) . C 3z doesn't change the value of Ω z of these three points, i.e., Ω z (A) = Ω z (B) = Ω z (C). However, C 3z alter the velocities, leading to : v(A) + v(B) + v(C) = 0 (see Fig. A1 in the Appendix A). Therefore the integration of the d xz and d yz over the Brillouin zone leads to the vanishing D xz and D yz according to Eq. (1). The zero D of the freestanding materials is important to piezotronics devices because at this case symmetry breaking can switch D obviously.
Uniaxial strain (along armchair or zigzag direction) can reduce the symmetry of 1H-MX 2 to point group C 2v . We show the Fermi surfaces, corresponding Berry curvature Ω z , d xz (k) and d yz (k) under the tensile strain of ξ=4% along the armchair direction in Figs. 3(e-h) , respectively. We find the shapes of Fermi pockets are significantly changed [ Fig. 3(e) ]. When the C 3z rotation symmetry is broken, v (A) + v (B) + v (C) = 0. However, the D yz is still vanishing. This is due to the preserved C 2y symmetry in this point group. C 2y transforms point A to A , and changes the sign of Ω z , i.e. Ω z (A) = −Ω z (A ). Since C 2y doesn't influence v y , and v y (A) = v y (A ), D yz is enforced to be zero, according to Eq. (1). Fortunately D xz is nonzero under uniaxial strain. The symmetry of of D from the first-principles calculations agrees with that from macroscopic perspective as Eq. (11) . The nonzero D xz means Berry curvature dipole P along the x direction, i.e. zigzag direction, which is different with the electric dipole P of semiconductors 1H-MX 2 in piezoelectricity experiments [12, 15] . The strain-induced Berry curvature dipole becomes the source of magnetization when there is an in-plane electric field [36] , and it can generate the nonlinear Hall effect in non-magnetic materials. Figure 4 exhibits D xz of 1H-NbS 2 under the both armchair and zigzag strain. In the presence of strain, nonzero D xz emerges suddenly and changes linearly with the strain. D xz is relatively large at the Fermi level, and it can be optimized under small electric gate voltage. As shown in Fig. 4 , there are two significant features: (1) D xz changes its symbol under tensile and compressive strain, and are basically opposite; (2) D xz under zigzag tensile (compressive) strain shows similar effects with D xz under the armchair compressive (tensile) strain due to the equivalent impact on the crystal and band structures. Such two features show the dependence of D xz under strain and can be used to manipulate the Berry curvature dipole in the real experiments. We also calculated the Berry curvature dipole under armchair strain for 1H-NbSe 2 , 1H-TaS 2 and 1H-TaSe 2 as plotted in Fig.  B1 . We find the strain effect on D xz of these three materials shows similar behavior with that of 1H-NbS 2 .
Next, we estimate the nonlinear Hall signals that D induced. In 2D materials, the nonlinear Hall current density J (2ω) is expressed as [37] (nonlinear Hall current density J (0) has a similar form with J (2ω) )
where E = εe iωt is the in-plane driving electric field, χ abc is the nonlinear Hall coefficient
here −e is the electron charge, and τ is the relaxation time. In uniaxially strained 1H-MX 2 (M=Nb, Ta; X=S, Se), only χ xxy and χ yxx are non-vanishing because of the nonzero D xz . The second-order nonlinear Hall current density and the corresponding nonlinear Hall voltage perpendicular to the driving electric current are
where θ means the angle between the driving electric current and zigzag direction (i.e. direction of D), ρ means the resistivity, and l refers to the transverse length of the sample. The nonlinear Hall current is proportion to |E| 2 D xz cos θ [Eq. (15) ]. It means that the nonlinear Hall voltage is maximum when the incident current is along the zigzag direction and vanishes when the incident current is along the armchair direction. The relationships between the strain, Berry curvature dipole, and nonlinear Hall current are summarized in Fig. 5 .
Taking typical driving current density J (ω) ∼ 10 A/m [19] , resistivity ρ ∼ 10 4 Ω normalized from the bulk resistivity in 1H-MX 2 (M=Nb, Ta; X=S, Se) [38] , relaxation time τ ∼ 10 −14 s, and transverse length of the sample l = 10 µm, strain-induced D xz ∼ 0.05Å (e.g. see Fig. 4 ) can generate Hall voltage of 10 µV , which is comparable to those measured in 2D WTe 2 [19, 20] . Since strain can switch the nonlinear Hall voltage from zero to obserable value, 1H-MX 2 (M=Nb, Ta; X=S, Se) can be used in piezotronics devices. 
V. DISSUCSION AND CONCLUSION
The method to fabricate the piezotronics devices utilizing D is quite different from the traditional one based on P [11, 12, [12] [13] [14] [15] [16] [17] . Piezoelectricity induced by Berry curvature dipole D is only presented in metals. In comparison, traditional piezoelectricity is presented in insulators. In the conventional piezotronics devices induced by electric dipole P, the measured signal has the same frequency with the driving field and is sensitive to the disorder variation by strain. Our proposal is based on the nonlinear Hall effect. Similar to nonlinear optics, nonlinear Hall effect doubles the frequency of electrical signals [Eq. (14) ]. Therefore, it is very easy to separate the response signals from the driving electric current. Moreover, the piezoelectricity effect origins from Berry curvature dipole, which is highly related to the topological properties of the Fermi surface [18] , thus the piezoelectricity signal is robust against the disorder. These are advantages in the piezotronics applications induced by D.
Freestanding bilayer 2D WTe 2 has a single mirror symmetry M yz , and can induce the non-zeros Berry curvature dipole D xz [19-21, 24, 39] . Compared to D xz in 1H-MX 2 (M=Nb, Ta; X=S, Se) induced by uniaxial strain, D xz is larger in bilayer WTe 2 . However, there is no phase transition in bilayer WTe 2 when strain is applied, and its D xz has no on-off effect. In the view of piezotronics applications, 1H-MX 2 (M=Nb, Ta; X=S, Se) are more suitable than bilayer 2D WTe 2 .
In summary, uniaxial strain (along zigzag or armchair direction) can manipulate Berry curvature dipole D in 2D metals 1H-MX 2 (M=Nb, Ta; X=S, Se). Without strain, the C 3z symmetry eliminates the D. Uniaxial strain breaks the C 3z symmetry, and guarantees the exist-ing the nonzero D. The direction of D is perpendicular to the polar axis, different from the relationship between electric dipole P and polar axis. Uniaxial strain-induced Berry curvature dipole D can generate observable nonlinear Hall signals under the experimental condition. The maximum nonlinear Hall effect can be obtained when the charge current is parallel to D. The nonlinear Hall signals have different frequencies with the driving current; which has advantages in the piezotronics applications due to the convenience of to be detected. Therefore, 1H-MX 2 (M=Nb, Ta; X=S, Se) are very promising material platforms for piezotronics devices based on Berry curvature dipole D. The piezoelectricity utilizing D in metals is quite different from the traditional one in insulators based on P, due to the nonlinear and topological properties of D. We hope our prediction can expend the potential piezotronics application in 2D metallic materials.
The C 3z rotation symmetry transforms the point A in the Fermi surface to points B and C, as shown in The Berry curvature dipole under armchair strain for 1H-NbSe 2 , 1H-TaS 2 and 1H-TaSe 2 are plotted in Fig.  B1 . D xz changes linearly with strain, and the strain effects on D xz of 1H-NbSe 2 and the 1H-TaSe 2 are more significant than that of 1H-NbS 2 and 1H-TaS 2 . The Berry curvature relates to the competition between the spin-orbit coupling effect and bandgap. The 1H-NbSe 2 can reach a more significant strain effect due to the smaller gap between lower valence bands, even though the spin-orbit coupling is not the strongest. [2] J. He, C. Hsin, J. Liu, L. Chen, and Z. Wang, Adv.
